When a magnet generating highly homogeneous magnetic field is designed, a shimming is required. The shimming is usually performed so that the magnetic field only in the axis direction is compensated by iron pieces and/or coils. The compensation is commonly achieved by eliminating the coefficients of the spherical harmonics expansion of the magnetic field generated by the main magnet. Some papers showed the coefficients of the spherical harmonics expansion in only the z-direction for passive shimming. However, recently some magnets generate a magnetic field tilted from the z-axis, such as a magic-angle-spinning nuclear magnetic resonance/MRI. It is, therefore, necessary to eliminate the coefficients of the spherical harmonics expansion in the x-and y-direction.
I. INTRODUCTION

I
T IS necessary to compensate a magnetic field around the center with shimming when it is required to generate highly homogeneous magnetic field, such as MRI and nuclear magnetic resonance (NMR). The passive shimming, one of the shimming methods, is to compensate the magnetic field using some pieces of iron [1] - [3] . Since the magnetic field homogeneity of a few ppms is required around the magnet center, the spherical harmonics expansion of the magnetic field is usually employed [4] , [5] .
A magnet for MRI or NMR is commonly axially symmetric. Therefore, only the z-component of the magnetic moment of correction iron pieces used for passive shimming is considered so that only the z-component of the magnetic field is homogenized [4] . This paper [5] presented the spherical harmonics coefficients of the z-component of the magnetic field generated by all the components of magnetic moment because the open MRI magnet generates the axially asymmetric magnetic field. In addition, the configuration of the correction iron pieces was optimized to eliminate the spherical harmonics coefficients.
Recently, a newly developed magnet generates a magnetic field tilted from the z-axis for a magic-angle-spinning NMR [6] . Hence, the coefficients of the spherical harmonics expansion of all the magnetic field components, that are generated by all the components of the magnetic moment, are strongly desired to be eliminated by the passive shimming. Therefore, we derived the spherical harmonics coefficients of all the magnetic field components to all the magnetic moment components, and then we tried the passive shimming of the magic-angle-spinning NMR. In the passive shimming, the configuration of the correction iron pieces are optimized by the micro genetic algorithm (μGA) to the spherical harmonics coefficients of all the components. 
II. COEFFICIENTS OF SPHERICAL HARMONICS
A. Spherical Harmonics Coefficients by Magnetic Moment
The magnet flux d generated by the magnetic moment d m at point Q, as shown in Fig. 1(a) is presented by where μ 0 and R are the permeability of free space and the distance between the points Q and P [7] , respectively. Using the spherical harmonics function, 1/R is given as
where ε m is the Neumann factor, P m n is the associated Legender function, r and r 0 are the distance from the origin to the points P and Q, and α, θ , ψ, and φ are the angle shown in Fig. 1(a) , respectively. The magnetic field d B m is expressed as
Here, the dimension of the correction iron piece with magnet moment d m = (dm ρ , dm φ , dm z ) in cylindrical components is shown in Fig. 1(b) . The magnetic field B m generated by the correction iron piece is obtained by the integration of the volume, as follows:
Here, it is assumed that the magnetic moment d m is constant in a correction iron piece. The following equation is derived from calculating (4):
where
and i x , i y , and i z are the unit vector in the x-, y-, and z-direction, respectively. The detail of the coefficients C s and D s cannot be given here because of no space [8] .
B. Spherical Harmonics Coefficients by Current
The current density j with length of d s generates the following magnetic vector potential d A:
where R is the distance between the points P and Q, replacing the magnetic moment d m with the current density element jd s in Fig. 1(a) . The following equation is derived from (2) and (7):
The magnetic field generated by the current B c is
where v is the volume of the magnet. Finally, we can obtain using (7)-(9)
The coefficients C c and D c of the ring coil are represented in [7] . It is, however, necessary to compute the coefficients C c and D c by a numerical integration when the magnet configuration is axially asymmetric, such as a dipole magnet. When the main magnet generates a tilted magnetic field, the spherical harmonics coefficients can be transformed using the method presented in [9] .
C. Passive Shimming
For compensating the magnetic field with passive shimming
with n ≥ 1 has to be satisfied. In the passive shimming, the configuration of the correction iron pieces has to be optimized to eliminate the coefficients C c (n, m) and D c (n, m) by adding D s (n, m) and D s (n, m). The magnetic moment d m is computed by a numerical simulation method, such as a finite element method or a magnetic moment method.
III. PASSIVE SHIMMING
A. Magic-Angle-Spinning NMR
The passive shimming is applied to a pair of dipole magnets of the magic-angle-spinning NMR [6] . Fig. 2 shows the dipole magnets with the tilt of 54.74°in the yz plane, the center magnetic field is 0.3 T, and its dimensions are referred in [6] . Table I shows the spherical harmonics coefficients of the magnetic field generated by the dipole magnets, however, n ≤ 4.
For passive shimming, the μGA [10] optimizes the configuration of the correction iron pieces. Considering the symmetry, the design region of the correction iron pieces, as shown in Fig. 2 , is divided into two (radially) × 36 (circumferentially) × 18 (height wise) segmental elements, and the μGA decides whether the iron piece exists in a subdivision or not, like [11] . The object function F to be minimize is
where w(n) is the following weight function: The weight function is decided according to the desired bore size of the homogenized magnetic field. When whole the iron pieces are absent, the initial objective function F = 4.634 × 10 −4 . The magnetic moment d m of every iron piece is computed by the magnetic moment method in the cylindrical coordinate. Fig. 3 shows the optimized configuration of the correction iron pieces, and Table II shows the spherical harmonics coefficients of the magnetic field affected by the correction iron pieces. The objective function optimized is F = 0.806 × 10 −4 . Figs. 4 and 5 show the absolute value of the nonzero spherical harmonics coefficients with n = 2 and 4, respectively. The coefficients of n = 2 are reduced adequately; however, those of n = 4 are not. Table III shows the inhomogeneity of the magnetic field within 10 mm sphere to the dipole magnets with and without passive shimming. The inhomogeneity is drastically improved to 4.3 ppm. In this optimization, the size of the iron piece is too large to reduce all the spherical harmonics coefficients largely. However, it was successful to compute the spherical harmonics coefficients of the entire components by all the magnetic moment components, and the optimization of the correction iron piece configuration was done.
B. Passive Shimming Result
IV. CONCLUSION
We calculate the spherical harmonics coefficients of all the components generated by all the magnetic moment components. When a main magnet is tilted, it is necessary to eliminate the spherical harmonics of all the components by passive shimming. We have tried to compensate the magnetic field of the tilted dipole magnets so that the configuration of the correction iron pieces was optimized by the μGA. In the future, it is necessary to eliminate higher order coefficients with a smaller piece of iron. In addition, it is necessary to employ the active shimming with the passive one. The proposed method in this paper is useful for the simultaneous active and passive shimming.
